A fresh look at dense hydrogen under pressure. III. Two competing effects and the resulting intra-molecular H-H separation in solid hydrogen under pressure J. Chem. Phys. 136, 074503 (2012) A reconstruction of cubic rs-ZnO on MgO (200) substrate through (100) plane of w-ZnO:rs-ZnO for transparent electronic application Appl. Phys. Lett. 100, 072102 (2012) First-principles investigation of pressure-induced phase transition in LiNbO3 J. Appl. Phys. 111, 033522 (2012) Highpressure phases of NaAlH4 from first principles Appl. Phys. Lett. 100, 061905 (2012) Multiferroic properties of La-doped Bi2FeCrO6 prepared by high-pressure synthesis J. Appl. Phys. 111, 07C702 (2012) Additional information on J. Appl. Phys. Plastic deformation of NdFeB nanocrystalline magnets has been performed at relatively low temperatures but high pressures compared to conventional hot deformation. The effect of deformation conditions on the crystallography texture of the anisotropic NdFeB magnets has been studied. It was observed that both deformation temperature and pressure loading rate significantly affect final crystallographic texture and thus magnetic properties. Energy product increases from 31 to 44 MGOe by simply reducing pressure loading rate from 300 MPa/min to 50 MPa/min. Microstructure observations confirm that better crystallographic texture has been obtained in the deformed magnets with a lower pressure loading rate.
I. INTRODUCTION
Permanent magnets have attracted tremendous interests in modern applications such as electric vehicles and wind turbines. Among all the permanent magnets, NdFeB bulk magnets show excellent hard magnetic properties due to their high saturation magnetization coupled with high magnetocrystalline anisotropy.
1 Energy products as high as 55 MGOe has been achieved commercially in sintered magnets by many manufacturers. Using recently developed grain-boundary diffusion technology, 2, 3 an energy products near 60 MGOe has been obtained using lower heavy rare-earth content. Sintered NdFeB magnets are nearing their theoretical limit of 64 MGOe. A nanocomposite magnet, containing a magnetically hard phase and a magnetically soft phase with desired nanoscale morphology, was proposed twenty years ago 4, 5 and the concept was proved experimentaly [6] [7] [8] [9] [10] [11] [12] and theoretically. [13] [14] [15] The hard magnetic phase provides high coercivity and the soft magnetic phase provides high magnetization to the composites if the two phases are exchange coupled. Unfortunately, the high performance of nanocomposite requires control of both grain morphology of the magnetically soft phase and crystallographic texture of the magnetically hard phase, which is difficult to achieve in practice. Hot pressing and hot deformation are used to obtain c-axis textured anisotropic NdFeB magnets [16] [17] [18] [19] [20] in commercial quantity. However, hot deformation is ineffective in controlling morphology of nanocrystalline magnets since it involves extensive heat treatments which lead to excessive grain growth. In this paper we report our recent work in controlling grain growth in nanocrystalline NdFeB magnets by deforming the bulk magnets at relatively low temperatures but under high pressures.
II. EXPERIMENTS
Rapidly quenched MQU-F ribbons with a composition of Nd 13.6 Fe 73.6 Ga 0.6 Co 6.6 B 5.6 were obtained from Magnequench Inc. The ribbons were selected by a sieve with mesh size of 45 lm. The coarse ribbons were then put in a steel capsule with a diameter 8 $ 10 mm and green compacts were obtained by a pressure of 250 MPa at room temperature. Deformation was then performed on a Joule-heating press at temperatures varying from room temperature to 700 C under different deformation conditions (pressure loading rate, pressure holding time, maximum applied pressure up to 1.5 GPa and thickness of green compacts). The Joule-heating press is operated in an argon-filled glovebox. The deformation technology is similar to the Joule-heating compaction which is reported in Ref. 21 . Among the deformation conditions studied, it was observed that the deformation temperature and pressure loading rate have the most significant effects on controlling crystallography texture.
A typical deformed magnet has a disk shape with diameter of 10 mm and thickness of 1 mm. The morphology and crystalline structure were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-filtered TEM (EFTEM), and x-ray diffraction (XRD) using Cu Ka radiation. Magnetic properties were measured in a superconducting quantum interference device (SQUID) magnetometer with a maximum applied field of 70 kOe. A sample with dimensions about 2 mm Â 2 mm Â 1 mm was cut for SQUID measurements. The demagnetization factor was calculated according to the method introduced in Ref. 22 .
III. RESULTS AND DISCUSSION
Figure 1(a) shows the XRD patterns of the samples deformed at different temperatures. The pressure loading rate is fixed at 150 MPa/min with the maximum applied pressure 1.5 GPa. It should be noted that the XRD patterns were taken a)
Authors to whom correspondence should be addressed. Electronic addresses: rongpan316@yahoo.com and pliu@uta.edu. from the surface perpendicular to pressure direction, i.e., the normal direction is parallel to pressure direction. The XRD pattern of the raw material (isotropic MQU-F ribbons) is shown for comparison. The (410) peak has the strongest intensity for the isotropic raw materials, however, the intensity of (410) peak is significantly reduced, while those of (004), (105), and (006) peaks are significantly enhanced for the deformed magnets. This indicates that a crystallographic texture was obtained in the deformed magnets. In addition, a quantitative analysis shows that the intensity ratio of (006)/ (410) increases from 0.25 for raw materials to 6.3, 8.9, 10.2, and 17.8 for 630, 650, 670, and 700 C deformed magnets, respectively. This confirms that a better texture was obtained in the magnets deformed at higher temperatures. Figure 1(b) shows the demagnetization curves of the magnets measured along the pressure loading direction. The demagnetization curve of raw materials is also included for comparison. As one can see that 630
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C deformed magnet has much higher remanence compared to the isotropic raw materials, confirming the crystallographic texture. However, a kink on the demagnetization curve symbolizes deteroriated magnetic properties. The coercivity and squareness of demagnetization curve can be greatly improved by elevating deformation temeprature to 650 C. The inset of Fig. 1(b) also compares the demagnetization curves measured along and perpendicular to pressure loading direction of the 650 C deformed magnets. The significant difference between the remanence and squareness suggests that a good texture was obtained in the deformed magnets. Unfortunately, higher processing tempertures led to the drop in coercivity even though the remanence is enhanced. The energy product is about 32.5, 40.0, 41.0, and 33.5 MGOe for the magnets deformed at 630, 650, 670, and 700 C with a maximum applied pressure of 1.5 GPa and a pressure loading rate of 150 MPa/min, respectively. The values are much larger than that of raw material with energy product only about 13.5 MGOe. The optimized deformation temperature is about 650 C, which is more than 100 C lower than the operation temperature of conventional hotdeformation for NdFeB magnets. [16] [17] [18] Crystallographic texture and magnetic properties are further improved by controling deforamtion rate. Figure 2(a) shows the XRD patterns of magnets deformed at 650 C using different pressure loading rates. The largest pressure loading rate (300 MPa/min) results in the weakest texture based on low intensity of (004) and (006) peaks in the XRD patterns. Reducing pressure loading rate to lower than 150 MPa/min leads to a much better texture. Further decreasing pressure loading rate could further increase the degree of texturing. Quantatively analysis shows that the intensity ratio of (006)/(410) is 3.1, 9.2, 12.5, and 16.6 for the magnets deformed by pressure loading rate of 300, 150, 75, and 50 MPa/min, respectively. This confirms that the texturing degree increases with reducing pressure loading rate. Figure 2(b) shows the demagnetization curves measured along pressure loading axis of the deformed magnets prepared with different pressure loading rates. The magnet prepared by the largest pressure loading rate of 300 MPa/min has the lowest coercivity and a large kink on the demagnetization curve. Decreasing the pressure loading rate results in a monotonous increase in coercivity and simultaneously improved squareness of the demagnetization curve. Figure 3 summarizes the depenendece of energy products on the pressure loading rate. An energy product about 44 MGOe was obtained for the lowest loading rate of 50 MPa/min.
To understand the reason why a lower loading rate leads to a better texture and improved magnetic properties in the deformed magnets we performed a cross-sectional TEM observations of selected samples. Figures 4 compares the TEM images of the magnets before and after the deformation at 650 C with pressure loading rate of 300 MPa/min and 50 MPa/min, respectively. A bimodal grain size distribution was observed in the magnet prepared with a fast pressure loading Fig. 1(b) gives the demagnetization curves measured along and perpendicular to pressure loading direction of the 650 C deformed magnets. (2012) rate (Fig. 4(b) ). The large grains have their size of 150-200 nm and are equiaxed. Grains with this size and shape are difficult to form texture. The elongated grains are smaller in size with width around 20-50 nm and length around 50-200 nm. This type of grains can be well aligned to form the texture in the deformed magnets. However, a misalignment was still observed even in the elongated grains. It is therefore not surprising that the fast deformed magnets do not have good texture. On the other hand, the TEM image of the slowly deformed magnet shows that the grains are well aligned with c-axis parallel to the loading direction (Fig. 4(c) ). The elongated grains have a size about 20-30 nm in width and 100-200 nm in length and the distribution is also more homogenous than that of the fast-deformed magnets. It should be noted that the Nd-rich grain boundary phase is observed in Fig. 4(a) . The very thin layers in bright contrast along grain boundaries are the Nd-rich phase. EFTEM confirms the thin layers' composition of a Nd-rich phase (not shown here). The initial equiaxed NdFeB grains underwent considerable height reduction under a high pressure, during which grain boundary sliding occurs through the Nd-rich grain boundary phase. Typically, the deformation temperature of conventional hot deformation is at least 100 C higher than the melting point of Nd-rich phase (655 C) 23 to generate enough liquid phase on the NdFeB grain boundaries. However, the deformation temperature in this work was only about 650 C, slightly lower than the melting point of the Nd-rich phase. It is therefore reasonable to assume that the deformation was preceded via grain boundary creep. Since grain boundary creep is a diffusion driven process which is time and temperature dependent, a low deformation temperature must be accompanied by a longer deformation time to reach a certain degree of the plastic deformation. 24 Therefore, the magnets prepared by slow deformation have a better texture and magnetic properties. The purpose of using low temperature deformation is to reduce grain growth of the NdFeB phase during the deformation. It should be noted that energy product could be further enhanced by varying other deformation conditions. For example, changing green compact pressure from 250 MPa to 1.0 GPa could improve energy product to 47 MGOe in the final magnet which was deformed at 650 C with a pressure loading rate of 50 MPa/min.
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IV. CONCLUSIONS
Anisotropic NdFeB magnets have been prepared by high-pressure plastic deformation at relatively low temperatures (about 100 C lower) compared to conventional hotdeformation. Deformation conditions have been varied to optimize the texture and magnetic properties of the anisotropic nanocrystalline magnets. It was observed that both deformation temperature and pressure loading rate affect crystallographic texture and thus magnetic properties of the anisotropic magnets. The energy product increased from 31 to 44 MGOe upon reduced pressure loading rate without changing other conditions. XRD and TEM characterizations confirm that the texture degree increased with decreasing pressure loading rate. Highly anisotropic morphology of nanoscale striped grains with c-axis perpendicular to the elongated plane have been obtained after the slow deformation. C by pressure loading rate of (b) 300 MPa/min, and (c) 50 MPa/min. The thin layers in bright contrast along grain boundaries in (a) are Nd-rich phase.
